Legionella colonization in hospital hot water distribution networks was evaluated following 36
INTRODUCTION
Numerous disinfection methods are suggested for controlling Legionella spp. contamination in water networks of big buildings, particularly hospitals, aimed to prevent the occurrence of Legionella infections (Lin et al. ) . A comparison of effectiveness and cost-benefit of different treatments has been recently described suggesting that continuous injection of chlorine dioxide is the least expensive procedure, although not the most effective in reducing Legionella contamination in hospital (Marchesi et al. ) .
In addition, our data suggest that chlorine dioxide can favour Legionella pneumophila serogroup 1 (Marchesi et al. ) . In Italy, chlorine dioxide is becoming more commonly used as a water system disinfectant due to the frequency of Legionella colonization of hospitals, usually located in old buildings and frequently renovated with scarce attention to water networks (Ditommaso et al. chlorine dioxide forms toxic inorganic DBPs, mainly chlorite, chlorate and chloride ions (Righi et al. ) . Toxicological studies showed haematological damage mainly due to chlorite exposure, while impairment of sexual and neurological development, soft tissue anomalies and altered thyroid function were observed in association with chlorate exposure (WHO ).
Monochloramine is considered more effective than free chlorine in controlling Legionella, in part due to its in vitro ability to better penetrate biofilms and to inhibit L. pneumo- Nitrite can occur in the distribution systems at higher concentrations when monochloramine is used to provide a residual disinfectant in drinking water (WHO ). The presence of nitrite in a water supply is undesirable because of health concerns such as methaemoglobinaemia in infants (Fan ) . We introduced a new system that continuously injected monochloramine into a hospital water network highly contaminated by L. pneumophila, and the first year of application was promising (Marchesi et al. ) . In this study, we present the results over a 3-year application in comparison with chlorine dioxide applied in three other hot water distribution networks of the same hospital and with untreated networks. The levels of water nitrite, nitrate, chlorite, chlorate, bromide, trihalomethanes (THMs) and haloacetic acids (HAAs) have been measured at pre-established intervals, and the biocide concentration at every sampled point was used to evaluate the minimum concentration associated with a colonization below the detection limit.
METHODS
The study was conducted in a 765-bed hospital consisting of a nine-storey high block (indicated as building 1) and a separate building (building D) both constructed in the 1970s, plus three other buildings constructed in the 1990s (buildings E, F, G). In building 1, three different water networks (A, B and C) distribute in parallel hot water, while the other four buildings have their own hot water network, as previously described (Marchesi et al. ) .
In this investigation, we studied the continuous disinfection systems listed below.
• Building 1 (nine-storey, 40 years old): • Building D (four-storey, 40 years old) and E (four-storey, 13 years old): ○ untreated networks as control; the first is under renovation (no patients inside), the second is devoted to operating theatres and patients are not exposed to water. Shock hyperchlorination and/or thermal shock were randomly carried out in these buildings.
Monochloramine is generated in situ in the patented system by reaction between a stabilized chlorine-based precursor (Enoxin P10 Plus) and an ammonium salt (Zebion 50), and it is distributed at residual concentrations between 1.5 and 3.0 mg l À1 in the recirculating hot water system. The monochloramine generator is able to keep a constant concentration of monochloramine in the recirculation loop, even at temperatures as high as 60 W C, by a proprietary software. In our study, monochloramine residual levels are in line with those found in drinking water disinfected with this biocide (WHO ) and with the guideline value of 3 mg l À1 and the maximum contaminant level of 4 mg l À1 , established respectively by the WHO and US Environmental Protection Agency (EPA). Chlorine dioxide is produced in situ by using hydrochloric acid and sodium chlorite in all three devices. A dosing system is set up to add the disinfectant to the recirculating hot water, ensuring concentrations of at least 0.3 mg l À1 at distal points. This dose was reported as effective in controlling Legionella contamination in European hospitals (Sidari et al. ) .
Routine inspection, cleaning and maintenance of the hot water systems, which includes for example, decalcification and/or replacement of showers/taps, are conducted once a year and when necessary at the hospital.
Sample collection
Since 2000 At sampling, the biocide levels were measured by using a Palin colorimetric method based on N,N-diethyl-p-pheny- 
RESULTS
In the examined hospital, only L. pneumophila was isolated. points. During the entire period of the study, the untreated networks remained contaminated at the same levels as pre-treatment. In the network treated with monochloramine, only 8/84 samples were found contaminated by L. pneumophila, none exceeding 10 4 CFU l À1 : four during the first month of treatment, another three within 8 months, and the last one in the 15th month, on the occasion of a reduction in monochloramine injection below 1 mg l À1 .
After that, positive samples were never detected until the end of the experiment.
Chlorine dioxide was associated with a strong signifi- A positive correlation between chlorine dioxide concentration in hot water and chlorite levels was found (r ¼ 0.774, p < 0.001). From regression line parameters, we calculated that chlorite exceeded 700 μg l À1 when the disinfectant residual was above 0.30 mg l À1 . No HAAs and nitrites were detected in the studied water networks, and total THM concentrations were extremely low independently of treatment (hot water mean level was always <1 μg l À1 ). Nitrates were constant during the entire experimental period, with mean levels of 23 mg l À1 in cold water and 22 mg l À1 in hot water, regardless of treatment.
Also bromide was detected at low levels, with a mean concentration of 0.005 mg l À1 in all waters. Table 2 shows the Legionella contamination according to the biocide levels. For monochloramine, 2 mg l À1 was necessary at distal outlets to maintain Legionella concentration below the detection limit of 25 CFU l À1 , whereas concentrations between 1 and 2 mg l À1 were sufficient to obtain Legionella below 10 3 CFU l À1 . For chlorine dioxide, levels between 0.21 and 0.50 mg l À1
were associated with many positive samples at relatively low Legionella concentration (mean ¼ 98.4 CFU l À1 , only 2 points >10 3 CFU l À1 ) and concentration >0.50 mg l À1 reduced both number of contaminated sites and their concentration ( 10 2 CFU l À1 , except one sample contaminated by 6.7 × 10 2 CFU l À1 ).
Twenty-three out of 68 (33.8%) samples collected immediately after the tap was switched on were contaminated (Legionella geom. mean 2.7 × 10 3 CFU l À1 ). Figure 2 shows 
DISCUSSION
Continuous injection of chlorine-derived biocides is in fact a popular method to control legionellae in water networks of healthcare facilities (Lin et al. ), but the working conditions and inconveniences associated with long-time application of both chlorine dioxide and monochloramine are not sufficiently described. Following a previous pilot study (Marchesi et al. ) , we confirm that the monochloramine action in controlling Legionella colonization was rapid, and after the first 8 months of treatment, no contamination was observed along a total experimental period of 36 months. In building 1, where both treatments were applied, chlorine dioxide devices I and II showed a lower effectiveness than monochloramine to maintain Legionella below the detection limit, as 61% of treated samples remained positive (20.6% at levels >10 3 CFU l À1 and 11.1% >10 4 CFU l À1 ). Chlorine dioxide device III, installed on building G, a new and small hospital building, gave more satisfactory results compared to devices I and II. In this context, we suggest that both size and age of water network can influence the effectiveness of the biocide apparatus.
Among suggested inconveniences of disinfection, the byproducts formation can be of interest as they are associated with negative health effects and their regular measurements in potable water is included in EU directives. As documented for drinking water treated either with chlorine dioxide or chloramine (WHO ), our study demonstrated that the chlorine dioxide is associated with increased levels of chlorite and chlorate, exceeding the limit requested for the first parameter. In contrast, no increase in chlorite levels was found in hot water treated with monochloramine. However, high levels of chlorates were found in water disinfected with monochloramine when the chlorine-based precursor was near to finish in the tank. This is in line with the observation that chlorate can also form in hypochlorite solutions on storage (WHO ). In our study, the absence of nitrites and the presence of nitrate <50 mg l À1 demonstrate that the use of monochloramine is not associated with the occurrence of water nitrification, a microbiological process described when chloramination is used to provide a residual disinfectant in cold water distribution networks (WHO ).
Among the other possible disadvantages associated with chloramine treatment of drinking water, the formation of N- One of the aims of our study was to better define the biocide concentrations able to obtain a significant reduction in Legionella spp. contamination on hot water. Monochloramine at concentrations between 2 and 3 mg l À1 at distal outlets assured a Legionella colonization below 10 2 CFU l À1 .
These concentrations are in line with those measured in drinking water treated with monochloramine (WHO ).
Chlorine dioxide levels between 0.50 and 0.70 mg l À1
were needed to maintain L. pneumophila near 10 2 CFU l À1 .
However, already at 0.30 mg l À1 of disinfectant residual, chlorite concentration increased above the European parametric value of 700 μg l À1 . Studies are in progress to verify whether these two biocides, at our concentrations, are associated with pipe corrosion, as some reports suggest however, chlorine dioxide was associated with a higher frequency of no-flush positive samples, suggesting an increased risk for patients when they turn the tap on. In this context, we highlighted that the no-flush sampling, generally mandatory when a case of hospital-acquired legionellosis occurs, is more exhaustive and appropriate than the post-flush one to evaluate both the efficacy of disinfection systems applied in hospital and, even more importantly, the risk to the patients.
Thus, we recommend to add no-flush sampling also when routine environmental monitoring of the Legionella contamination is performed in hospital, as suggested by some regional guidelines in Italy (Regione Emilia-Romagna ; Regione Piemonte ).
CONCLUSION
The major achievements of our study are as follows.
• In these 3 years' experience, Legionella colonization rapidly decreased after monochloramine treatment and already after 8 months no Legionella contamination was observed.
• Compared to monochloramine, the effectiveness of chlorine dioxide was lower, with different results according to size and age of the water network.
• No increase in chlorite levels and no water nitrification occurred in hot water treated with monochloramine, whereas the use of chlorine dioxide was associated with increased levels of both chlorite and chlorate.
• At distal outlets, monochloramine at concentrations between 2 and 3 mg l À1 and chlorine dioxide between 0.50 and 0.70 mg l À1 can guarantee a satisfactory control of L. pneumophila colonization.
• In comparison with monochloramine, chlorine dioxide showed a higher frequency of no-flush positive samples, suggesting an increased risk for patients when the tap is turned on.
In conclusion, we highlight that continuous injection of monochloramine should be considered as an effective alternative to chlorine dioxide in controlling legionellae contamination inside hospital water distribution systems, although further studies are needed to exclude the formation of toxic emerging DBPs such as N-nitrosamines.
